Additive manufacturing represents a unique opportunity for the generation of highly complex components. Given the inherent anisotropic material behaviour, reasoned in the layer-wise generation process and the resulting span of mechanical properties with the lack of available data, the implementation of this manufacturing technique in industrial applications is challenging and requests expensive and time-consuming material testing. This work focuses on the fracture toughness of selective laser-melted precipitation-hardenable AlSi10Mg specimens, including positioning and inclination effects. Samples in accordance to the ASTM E 399-08 standard were fabricated in six different orientations and were subject to mode I fracture toughness testing. The notches were implemented in a subsequent milling procedure and the evaluation was undertaken as outlined in the ASTM E 1820-09 standard. Minor directional dependencies were found and the selective laser-melted samples revealed similar fracture toughness results as conventional bulk material, namely K ICvalues in the range from 40 to 60 MPa ffiffiffiffi m p .
Introduction
Selective laser melting (SLM) belongs to the layerwise, powder-bed-based additive manufacturing technologies and produces components by exposing successive powder layers selectively with a laser beam as the driving force for local solidification. 1 Due to the complete melting of the powder in SLM, this process is capable of manufacturing almost full dense parts within one manufacturing step, proven for AlSi10Mg in Kempen et al. 2 Given the fact that the layer-wise generation approach overcomes limitations present in conventional manufacturing techniques, like the accessibility required for milling or the limitations reasoned by the mould in terms of casting, a broad application in industry can be anticipated. However, due to the pronounced volatility of fabricated components in relation to their surface characteristics 3 and mechanical properties, 4 coupled with the correlated uncertainty and the lack of substantial data, this promising manufacturing technique remains mostly unused. Thus, its peculiarities need to be investigated and documented based on destructive material tests, leading to a proper foundation for future optimizations and enabling the necessary linkage between the fabrication environment and finite element analyses.
Most studies in the area of fracture toughness of selective laser-melted samples were dedicated to titanium-based raw materials, especially Ti6Al4V, which is of special interest for aerospace and medical applications. The fatigue crack growth in the as-built and several heat-treated states was investigated in Leuders et al. 5 and the influence of varying build directions was added in Vrancken et al. 6 A combined study covering both the tensile strength and fracture toughness for various orientations was undertaken in Cain et al. 7 Within this study, the fracture toughness behaviour of AlSi10Mg was investigated for various orientations based on notched tensile testing specimens. This particular alloy is widely utilized in the automotive industry, e.g. for undercarriages, gearbox housings and engine blocks, and can be fabricated with various casting technologies. 8, 9 To the best of the authors' knowledge, this is the first work addressing the fracture toughness of aluminium-based raw material fabricated with SLM. For this initial study, no post-heat treatments like solution annealing or age hardening were considered.
Methodology

Manufacturing conditions
The specimens were fabricated with an SLM 280HL machine (SLM Solutions AG, Lu¨beck, Germany) equipped with a 400 W Yb-fibre-laser and an available build space of 280 Â 280 Â 320 mm 3 . Nitrogen was employed as the inert gas and the temperature of the mounting plate a was kept constant at 200 C throughout the entire manufacturing process. A detailed listing of the utilized irradiation parameter sets is given in Table 4 in the appendix. In regard to the necessary support structure, only the block type, i.e. a honeycomb scaffold with open pores and characteristic saw-tooth-like connectors towards the substrate plate and specimens, was applied and the supported areas were reduced to a minimum. The raw AlSi10Mg powder was supplied by SLM Solutions and its properties, as well as the achieved relative density ($99.5%) of the fabricated samples, were reported in a previous study. 3 In addition, an extensive preliminary evaluation of the tensile strength in dependency to the positioning in the building chamber has been carried out. 4 The present paper is an extension of this previous study and utilizes those results as input ( Table 5 in the appendix). Figure 1 and Table 1 summarize the considered orientations and inclinations covered in this work.
Sample geometry
In this fracture toughness investigation, the standardized tensile sample geometry, in accordance with the German standard DIN 50125:2009-07 -E 5 Â 10 Â 40, was employed. These flat specimens were produced with an oversize of 0.4 mm in width and thickness and were milled to obtain the final shape and the required surface quality. In order to utilize this type of sample for a fracture toughness investigation, an additional one-sided straight through notch was implemented in the centre of the samples (Figure 2 ). The geometry of the notch is defined in the international ASTM E 399-08 standard and the following parameters were chosen (see nomenclature in Table 2 ): a ¼ 0:5 Â W; N ¼ 1. The pre-cycling for crack initiation was neglected and the notch was directly implemented with a disc milling cutter with a thickness of 1 mm and a 45 top angle to its final initial length. It should be mentioned that additional fixation points for measurement equipment were introduced at the end of the notches. For the Table 1] . Source: Adopted from Hitzler et al. 3 ,4b Table 1 . Positioning details for all considered configurations given in dependency to the substrate plate (xy-plane) and the recoater movement path (x-axis). distortion-free clamping of the specimens, a drill-hole with a diameter of 7.5 mm was added on the clamping areas on both ends of the specimens. The fixation was then realized with bolts connecting the sample with the clamping jaws of the machine, ensuring the allowance of the necessary rotation movement during the crack opening. It should be mentioned that the distance in width direction between the force initiation points and the crack tip is zero c in this setup.
Testing procedure
For the destructive material tests, a tensile test machine (Zwick/Roell, Ulm, Germany) with a (Figure 2 ) due to a preliminary tension. Hereby, the displacement was determined by inbuilt strain gauges which are connected via a Wheatstone bridge with the tensile testing setup.
Evaluation scheme
The evaluation of the fracture toughness was undertaken in accordance to the ASTM E 1820-09 and the procedure outlined in Heine.
10 Hereby, the determination of the deformation energy varies in relation to the present rupture behaviour (Figure 3 ). In our case, the second type has been present, leading to the following equations to be used for the evaluation process. The J-integral is calculated by
with the function of the pre-crack length and specimen width being
The following holds then for the determination of the parameter a:
with the geometry dependent parameters being a ¼ 5 mm and W ¼ 10 mm. The deformation energy U is given by the area underneath the forcedisplacement curve, indicated in Figure 3 . Once the J-integral is determined, the appropriateness of the chosen specimen geometry is verified by the relation
with the initial thickness B ¼ 5 mm. Given the fulfilled requirement, then
and finally the fracture toughness is calculated by
The material parameters E, , R p0.2 and R m are based on destructive tensile tests according to DIN EN ISO 6892-1:2009-12, documented in a previous study, 4 with flat tensile sample geometries as outlined in DIN 50125:2009-07 (E 5 Â 10 Â 40), and can be found in Table 5 in the appendix. It should be mentioned that the samples for both examinations, i.e. tensile and fracture toughness testing, were manufactured as batches.
The K IC factor is a measure for the stress tensor of a multiaxial stress field occurring on the tip of a crack or notch, caused by an external load. 11 Hence, a high K IC value indicates a material with high fracture toughness. This relation is given with the stress intensity factor
which describes the significant stress concentration occurring at the distance r in front of the crack tip. 
Results and discussion
A set of six samples per configuration has been tested, exemplified in Figure 4 , and the valid force-displacement curves are depicted in Figure 5 . It should be mentioned that some of the testing results revealed regressiveness in their displacement record and hence, were removed from the statistical evaluation.
The final results with the according standard deviations are given in Table 3 . The resulting K IC values were, independent from the orientation, remarkably high in comparison with the wrought alloy. Based on the simplifications made, Figure 5 . Testing diagrams for configurations (a) to (f); force via load cell and displacement via double cantilever clip-in displacement gauge. Table 3 . Fracture toughness of notched AlSi10Mg samples at room temperature, averaged results and standard deviations in relation to the considered orientations ( Figure 1 and Table 1 The irradiation parameters listed in this tablewere found to result in an averaged relative density of 99.5% based on the Archimedes method and an area porosity of 0.3% determined on a micro section. SLM: selective laser melting. 4 The material parameters listed in this table were examined based on destructive tensile tests on flat tensile specimens (German standard DIN 50125:2009-07ÀE 5Â 10 Â 40) equipped with strain gauges. 4 The tensile tests were carried out in accordance to the DIN EN ISO 6892-1:2009-12 standard with a crosshead speed of 5 mm/s at room temperature on nonheat-treated samples.
